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Available online 19 July 2016AbstractThis paper addresses the safety of two-row tank design by performing the extensive sloshing model tests. Owing to the uncertainties
entangled with the scale law transforming the measured impact pressure up to the full scale one, so called comparative approach was taken to
derive the design sloshing load. The target design vessel was chosen as 230 K LNG-FPSO with tow-row tank arrangement and the reference
vessel as 138 K conventional LNG carrier, which has past track record without any significant failure due to sloshing loads. Starting with the
site-specific metocean data, ship motion analysis was carried out with 3D diffraction-radiation program, then the obtained ship motion data was
used as 6DOF tank excitation for subsequent sloshing model test and analysis. The statistical analysis was carried out with obtained peak data
and the long-term sloshing load was determined out of it. It was concluded that the normalized sloshing impact pressure on 230 K LNG-FPSO
with two-row tank arrangement is higher than that of convectional LNG carrier, hence requires the use of reinforced cargo containment system
for the sake of failure-free operation without filling limitation.
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Sloshing phenomenon is deemed to be one of the most
important design aspects when it comes to the reliable design
of Cargo Containment System (CCS) of the offshore Liquefied
Natural Gas (LNG) units, such as Floating Production Storage
and Offloading (LNG-FPSO), Regasification Vessel (LNG-
RV) or Floating Storage Regasification Unit (FSRU). Unlike
seagoing LNG carriers where filling ratio is limited to
remain above or below a certain filling level, offshore LNG
units should be allowed to operate without any filling
limitation. It entails a partial filling condition inside the
cargo tank and the sloshing impact pressure induced by
liquid cargo motion tends to increase compared to those* Corresponding author. Fax: þ82 32 864 5850.
E-mail address: yooilkim@inha.ac.kr (Y. Kim).
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2092-6782/Copyright © 2016 Society of Naval Architects of Korea. Production and h
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).under high or low filling conditions. The relatively large
tank size and the above mentioned unlimited filling ratio
requirements necessitate the CCS and inner hull structure be
designed with care. Some proposed International Maritime
Organization (IMO) type B tank for LNG-FPSOs to avoid
the potential problems of membrane type cargo containment
system under partial filling condition. IMO type B tank has
independent inner tank made of either aluminum or stainless
steel which is capable of containing the cryogenic liquid cargo
without embrittlement. Owing to the use of metallic material
for the cargo tank, IMO type B tank is considered to be
tolerant of the sloshing impacts. However, the cost of type B
tank is not comparable to membrane type CCS not to speak of
its limited track record. Moreover, type B tank asks a lot more
engineering works to guarantee the safety of hull structure
which is vulnerable to embrittlement due to potential leak of
the cargo. This is due to the partial secondary barrier concept
which is realized by the drip tray with limited capacity.osting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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is known to become more critical when the vessel is exposed to
the beam sea condition. The roll motion of the vessel is easily
excited and it is highly likely to see resonance behavior between
tank motion and liquid cargo motion, eventually leading to a
critical situation. Especially, with traditional tank size, the
resonance period of fluid-filled tank stays within the period
range where ocean wave energy is high. In order to avoid the
resonant liquid motion inside the cargo tank, one may consider
changing the tank breadth forcing the tank resonance period to
shift away from modal period of the wave spectrum. There has
been some suggestions through which the violent internal liquid
motion may be suppressed, such as the use of the anti-sloshing
blanket system (Kim et al., 2013) or the application of wedged
tank (Zhang, 2015). One of the most promising ways to achieve
this could be a two-row tank arrangement. In this two-row
concept, cargo tanks are to be arranged side by side by
reducing their breadth by half. This leads to the tank natural
period shifting far away from the modal period of the wave
spectrum. Typically, the tank natural period in a two-row
arrangement falls between 5 and 10 s depending on the filling
level, which is far lower than the modal period of roll motion
Response Amplitude Operator (RAO). Fig. 1 shows an example
of a two-row tank design installed in an LNG-FPSO.
The difficulties entangled with the design of structurally
reliable cargo containment system arise due to, fundamentally,
the randomness of sloshing phenomenon. The liquid motion
inside cargo tank is totally chaotic so that statistical approach
is necessarily required to derive design sloshing impact load.
To derive the design impact load, so called long-term approach
has to be considered so that the probability distribution of the
sloshing impact pressure acting on the tank wall throughout
the entire life of the structure can be determined, from which
the design load with a certain return period is to be chosen.
However, unlike the case of derivation of the design bending
moment amidship, the strongly nonlinear nature of the slosh-
ing phenomenon prohibit the designer to rely on the transfer
function concept because of the dominant influence of higher
order effect, which becomes practically of no use once the
order exceed 4 or 5. Thus, direct time domain approach, such
as computational fluid dynamics or experimental method
remain as the only feasible option. Computational fluidFig. 1. Typical LNG-FPSO with two-row tank.dynamics still does not seem to be mature enough to capture
the complicated physical behavior of sloshing, such as sharp
impact, fluidegas interaction and so on, not to speak of the
computational cost that one has to take for long-term analysis.
Many studies on sloshing have been performed since 1950's
and the sloshing impact load prediction became an important
issue in the design of LNG carriers since 1970's. Faltinsen and
Timokha (2009) and many researchers (Kim, 2002, 2003, 2006,
2007; Gavory and de Seze, 2009, Kuo et al., 2009, Malenica
et al., 2009; Pastoor et al., 2005; Rognebakke et al., 2009)
studied numerically to investigate sloshing phenomena and
resulting impact loads acting on tank walls. Recently some
computational results using commercial general-purpose flow
calculation programs, such as FLUENT, FLOW3D, STAR-CD
and OpenFOAM, have been reported for the sloshing analysis
(Hwang et al., 2008). Even though general purpose programs
may not be proper for prediction of impact loads like in ex-
periments, it was found that they can be used to identify relative
magnitudes between different operating conditions or different
designs (Ryu et al., 2009a, 2009b, 2009c).
Classification societies have published their own guidance
notes on the safety assessment of membrane type cargo
containment system, such as American Bureau of Shipping
(2014), Bureau Veritas (2011), Det Norske Veritas (2014),
Lloyds Register (2009). Different procedures have been
taken by different classification societies possibly due to the
complexity involved in the physics behind it. Traditionally, so
called short-term approach which considers the sea states of
the highest Hs on the wave scatter diagram only, was consid-
ered to be appropriate for the design sloshing load prediction.
Later on, more extensive sloshing experiment revealed the fact
that the largest impact pressure may occur in the sea states of
lower Hs. The long-term approach is now considered to be
standard procedure thanks to its capability to take into account
higher impact pressure in lower sea state under partial filling
condition (Rognebakke et al., 2009, Gervaise et al., 2009).
In this paper, the safety of two-row design was validated
through extensive sloshing model test. Due to the uncertainties
related to the scale law on the impact pressure, comparative
approach was taken to derive the design sloshing load. The
target design vessel was 230 K LNG-FPSO with tow-row tank
arrangement and the reference vessel, for the purpose of the
comparative approach, was 138 K conventional LNG carrier.
Starting with the site-specific metocean data, ship motion
analysis was carried out with 3D diffraction-radiation pro-
gram, then the obtained ship motion data was used as 6DOF
tank excitation for subsequent sloshing model test and anal-
ysis. Some sub-studies have been carried out to minimize the
number of test cases, such as sea state selection, filling ratio
grouping and so on. Finally, the statistical analysis was carried
out with obtained peak data and the long-term sloshing load
was determined out of it.
2. Reference vessel e 138 K LNGC
As stated earlier, the measured sloshing impact pressure
from model test needs to be scaled up to the full scale one, but
Table 1
Principal particulars of the reference vessel.
Vessel main particular Values
Length (between perpendiculars) [m] 266.00
Breadth (Molded) [m] 43.40
Draught (Design) [m] 11.05
Speed (Service) [knot] 19.5
Tank Length [m] 46.52
Tank Breadth [m] 37.90
Tank Height [m] 26.76
Tank Upper Chamfer Height [m] 8.51
Tank Lower Chamfer Height [m] 3.65
Table 2
Loading condition for the reference vessel.
Loading conditions Values
Draft at afterward perpendicular [m] 11.05
Draft at foreward perpendicular [m] 11.05
LCG from afterward perpendicular [m] 134.70
Corrected GM [m] 3.20
Roll Radius of Gyration [m] 15.19
Table 3
Speed reduction for the reference vessel [kts (knots)].
Head seas (135 <
Heading < 180)
Beam seas (90 <
Heading < 135)
Hs < 5 m Vmax Vmax
5 m < Hs < 9 m 0.5Vmax 5
Hs > 9 m 5 5
Table 4
Principal particulars of LNG-FPSO.
Vessel main particulars Values
Length (between perpendiculars) [m] 323.00
Breadth (Molded) [m] 65.00
Draught (Design) [m] 12.39
Draught (Ballast) [m] 11.89
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tween the two. With this regard, the comparative approach was
chosen in this study. In comparative approach, empirically
determined scale factor is determined relying on the experi-
ences obtained from the reference vessel without any CCS
failure, i.e., 138 K LNG carrier. Therefore, the analysis and
sloshing experiment as detailed as the target vessel have been
carried out for the reference vessel to derive the empirical
scale factor.
Fig. 2 shows typical general arrangement of 138,000 m3
LNG carrier. The length and width of the vessel is 266 m,
43.4 m respectively with its design draft of 11 m. Four cargo
tanks are arranged in ship longitudinal direction and the No.2
cargo tank, the second one from F.P., was chosen for sloshing
experiment due to the expected severity of sloshing impact
pressure. No.1 cargo tank which may be exposed to the severer
motion excitation was not considered because the tank breadth
changes as one moves to the forepeak of the tank hence the
sloshing impact pressure is not expected to be as severe as that
in tank No.2.
Table 1 and Table 2 summarize the main particulars and
loading condition of the reference vessel respectively. The
LCG represent the longitudinal center of gravity from the
afterward perpendicular and the corrected GM represents the
transverse meta-centric height including the effect of free
surface in the cargo tank. The radius of gyration are set to be
35% of the ship breadth.
Since the reference vessel is existing one, the motion
response was estimated based on the wave scatter diagrams
that are supposed to be experienced by the ship. For this, the
voyage simulation, which is based on the actual route of the
reference vessel, was carried out to extract the wave scatter
diagrams. The environmental condition for the reference
vessel is determined based on the operation in North Atlantic
seas with the service life of 40 years. The wave scatter dia-
gram provided by International Association of Classification
Societies (IACS) recommendation No.34 was used and the
two parameter Pierson-Moskowitz sea spectrum was used for
the short-term description of each sea sate in the scatter dia-
gram. Each short term sea state was represented by the com-
bination of the significant wave height (Hs) and zero crossing
period (Tz). Speed reduction was considered to reflect more
realistic operation condition, as shown in Table 3, where Vmax
means the service speed (Lloyds Register, 2009).
Fig. 3 shows the test matrix for the reference vessel, where
the different colored block represent a group of sea state
within which a single representative sea state was selected forFig. 2. General arrangementthe model test. Heading angle of the vessel was assumed to be
equally probable within each short-term sea state. For the
details of the sea state selection out of a group, refer to Ryu
et al. (2009a).
Fig. 4 shows the motion RAOs of the reference vessel, for
heading angles between 90 to 180. Motion calculation was
performed using the frequency domain motion solver,
HYDROSTAR. 6 DOF tank excitation motion time historyof 138 K LNG carrier.
0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 10.5 11.5 12.5 13.5 14.5 15.5 16.5 17.5 18.5 19.5 20.5
1 0 0.69086 272.028 3045.99 8502.66 11658.3 9644.41 5257.13 2097.74 723.523 269.517 128.732 76.748 50.7663 34.7052 23.8941 16.4768 11.3655 7.84527 5.42364 3.75509
2 0 0 17.0917 474.332 2414.78 5435.98 7128.08 6049.52 3517 1516.43 538.344 179.668 66.2869 30.3619 16.8524 10.315 6.54328 4.18813 2.68418 1.72036 1.102
3 0 0 1.57032 88.4175 695.287 2133.86 3663.4 4115.86 3162.22 1738.98 736.852 262.888 87.6744 30.9179 12.7293 6.18977 3.33767 1.87292 1.06631 0.61491 0.35582
4 0 0 0.13914 14.4686 168.161 671.482 1402.68 1914.93 1821.31 1227.5 617.125 249.214 87.5885 29.1826 10.0697 3.84008 1.63757 0.74748 0.35726 0.17618 0.08636
5 0 0 0.00795 2.10312 35.8552 184.772 460.572 727.271 812.141 647.346 378.891 173.35 66.5659 22.9225 7.5245 2.48862 0.84759 0.30367 0.11226 0.04145 0.01727
6 0 0 0 0.26732 6.91382 46.6043 139.36 251.047 317.188 288.443 191.998 98.3715 41.3588 15.1153 5.02128 1.57162 0.47204 0.13856 0.03817 0.00691 0.00345
7 0 0 0 0.03191 1.22737 10.9895 40.0059 82.5106 116.256 117.331 86.5729 48.7521 22.2005 8.59451 2.951 0.92515 0.26942 0.07121 0.01591 0 0
8 0 0 0 0 0.18581 2.43019 10.9507 26.0451 40.9231 45.3048 36.3785 22.1111 10.7225 4.35679 1.54097 0.49794 0.13986 0.03067 0.0045 0 0
9 0 0 0 0 0.01945 0.49742 2.84035 7.87759 13.8687 16.8472 14.6243 9.50092 4.845 2.03336 0.72328 0.23291 0.06787 0.01849 0 0 0
10 0 0 0 0 0 0.1034 0.69529 2.27602 4.52055 6.03958 5.69856 3.95133 2.11293 0.91606 0.33364 0.10474 0.02848 0.00604 0 0 0
11 0 0 0 0 0 0.01486 0.16434 0.62889 1.41738 2.08183 2.14859 1.60993 0.90683 0.3987 0.14672 0.04423 0.01103 0 0 0 0
12 0 0 0 0 0 0 0.034 0.16475 0.42061 0.70274 0.77472 0.6335 0.37396 0.17008 0.06315 0.01229 0.00499 0 0 0 0
13 0 0 0 0 0 0 0 0.04394 0.1175 0.21791 0.27015 0.23345 0.14687 0.07133 0.02601 0.00653 0.00154 0 0 0 0
14 0 0 0 0 0 0 0 0.00077 0.03138 0.06584 0.08543 0.0839 0.05788 0.02947 0.01076 0.00154 0 0 0 0 0
15 0 0 0 0 0 0 0 0 0.00499 0.01526 0.02601 0.02601 0.01997 0.01076 0.00154 0 0 0 0 0 0
16 0 0 0 0 0 0 0 0 0 0.00499 0.00576 0.00576 0.00922 0.00154 0 0 0 0 0 0 0
17 0 0 0 0 0 0 0 0 0 0 0.00077 0.00077 0.00077 0 0 0 0 0 0 0 0
18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Tz (sec)
Hs (m)
Fig. 3. Test matrix for the reference vessel.
Fig. 4. Motion RAOs of the reference vessel under 5 kt of ship speed.
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Table 5
Characteristics of the loading condition for LNG-FPSO.
Loading conditions Values
Displacement [T] 257,627
LCG from afterward perpendicular [m] 158.85
VCG [m] 17.404
541M.C. Ryu et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 537e553was extracted from the motion response spectrum under the
assumption of uniformly distributed phase angles which is
valid for the zero mean Gaussian process. For further details of
the reference vessel, refer to Ryu et al. (2009a).
3. Target vessel e 230 K LNG-FPSO
GM [m] 18.217
Roll Radius of Gyration [m] 27.95
Pitch Radius of Gyration [m] 87.213.1. Target vessel and environmental conditionsYaw Radius of Gyration [m] 87.21
Table 6
No.7 cargo tank dimension (Inside) of LNG-FPSO.
Tank main particulars Values
Tank Length [m] 39.879
Tank Breadth [m] 26.52
Tank Height [m] 29.08
U. Chamfer Height [m] 6.0
L. Chamfer Height [m] 4.0
Tank center relative to AP, x-position (þfwd) [m] 77.04
Tank center relative to centerline, y-position [m] 14.95Fig. 5 show typical LNG-FPSO designs with 2mmtpa
(million metric tonne per annum) liquefaction capacity. In this
particular design case, the cargo tank breadth of each tank is
about 27 m, which is approximately 60e80% tank breadth of
LNG carriers. This two-row design concept would reduce the
sloshing loads significantly, so it would bring complete freedom
from the partial fillings and sloshing subject for LNG-FPSO
applications. The centerline bulkhead of the two-row cargo
tank arrangement also plays its role as the robust supporting
structures for heavy topside modules for wide beam hull struc-
ture. The target vessel is 323 m long, 65 m wide with its design
draft of 12.39m.Table 6 summarizes themaindimensionofNo.7
cargo tank, which was selected as test tank (see Tables 4 and 5).
Since the LNG-FPSO is operated on a specific site, the
environmental conditions for LNG-FPSO has to be determined
during the design stage. In this study, the designed LNG-FPSO
is targeted to be operated at Northwest Australian Sea shown
in Fig. 6. Fig. 6 shows the probability of exceedance of the
wave height at five buoy locations at Northwest Australian Sea
marked with yellow dots, all of which eventually combines to
be the wave condition of the area enclosed by a red block. For
the vessel's heading analysis, time series of the metocean data
at the location marked with magenta circle were used, which is
the record of environmental condition for 17 years.3.2. Heading and motion analysisLNG-FPSO is internal turret moored, located close to the
bow, so it tends to head toward the waves either by freeFig. 5. General arrangement of 230 K LNGweathervaning capacity or dynamic positioning system.
Because the vessel heading is critical to the motion of the
vessel, it is necessary to carry out heading analysis to calculate
heading profile based on the metocean data of the specific
operation site. In this study, static heading analysis relying on
the moment equilibrium about the turret position has been
carried out under wind, wind wave, swell and current load to
simulate the natural weathervaning of the vessel. The numer-
ical calculation was performed by WADAM and mean drift
forces induced by the waves were taken into account using the
quadratic transfer function of Newmann's approximation. Both
wind and current effects were taken into account using drag
and inertia coefficients of the submerged hull and topside
exposed to the wind. Crucial effect on the vessel's heading
profile would be the metocean data, which is summarized in
Fig. 7 after processing the data. Fig. 7 indicates the fact that-FPSO with two-row tank arrangement.
Fig. 6. Probability of exceedance of the wave height at buoy locations.
Fig. 7. Processed metocean data at northwest Australian sea.
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specific operation site. It also can be seen that the contribution
of the swell to the combined significant wave height is very
pronounced.
Fig. 8 shows the probability distribution of relative heading
angle between the target vessel and wind wave. Fig. 8a is for
Hs larger than 2 m and Fig. 8b for Hs larger than 4 m. Fig. 8a
indicates that the probability of beam sea is almost null when
the wave height larger than 2 m is considered. Fig. 8b addi-
tionally shows this trend and it may be seen that even quar-
tering waves disappear when the wave height larger than 4 mis considered. This trend may be taken for granted because the
vessel heading is determined in such a way that the vessel
tends to align with the main contributor of driving forces
acting on the hull, which is induced by the waves. It may be
concluded that the higher the wave becomes, the more likely
the vessel heads toward the wave direction avoiding the beam
sea condition. However, it has to be kept in mind that the
probability of beam sea still exists when the wave height
smaller than 2 m is taken into account, which may play some
important role in generating the sloshing pressure of high
magnitude.
Fig. 8. Predicted heading profiles of LNG-FPSO.
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of the probability of heading angles. As stated before, the
probability of beam seas decreases as the wave height in-
creases and this might have direct influence to the long-term
distribution of the sloshing impact load, because the beam
sea condition with large Hs are expected to occur quite rarely
eventually decreasing the probability of the significant impact.
The vessel motions in regular waves in terms of response
amplitude operator were computed at zero forward speed. The
calculations were carried out for the frequency range of
0.1 rad/sec to 1.8 rad/sec at increments of 0.05 rad/sec.
Heading angle was varied from 180(head sea) to 270(beam
sea) at increments of 15 and the cosine square wave spreading
was applied. The numerical calculation was performed using
WADAM. Fig. 9 shows calculated motion RAOs of the target
vessel for different wave headings.
Fig. 10 shows the roll motion RAOs under beam and
quartering sea together with the sloshing natural period of
rectangular tank of L wide and h filled. One- and Two-row
tank mean the tank arrangement of reference LNG carrier
and target LNG-FPSO, respectively. The sloshing natural
period was calculated based on Eq. (1).
un ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
npg
L
tanh

nph
L
s
ð1Þ
where un is the natural frequency in rad/sec and g is the
gravitational acceleration. It is clearly observed that theTable 7
Heading profiles for the target vessel [%].
Hs < 2 m 2 m < Hs < 4 m 4 m < Hs
Beam sea 240~270 2.3 8.4 0.0
Quatering sea 210~240 34.0 33.0 9.3
Head sea 180~210 63.8 58.6 90.7natural period of the two-row tank shifts toward low period
regime eventually minimizing the possibility of violent liquid
motion inside cargo tank due to the resonance between the roll
motion and liquid motion inside the tank. This trend is the case
for the entire filling level so that the two-row tank design
operated under any filling ratio would be beneficial in terms of
the safety of the CCS by suppressing the liquid motion leading
to less significant impact pressure.
Fig. 11 shows the long-term prediction of some motions
and accelerations of each cargo tank under quartering sea,
which are calculated by combining the short-term probability
distribution with corresponding weight proportional to the
number of occurrence. The short-term probability was
assumed to follow Rayleigh distribution which may be justi-
fied due to the narrow band characteristics of response spec-
trums of both motion and acceleration. It was found that the
4th cargo tank in port side experiences relatively severe mo-
tion and acceleration throughout the vessel's entire life, hence
this particular tank was selected for the sloshing model test.
When estimating the sway and heave motion of each tank,
together with transverse and vertical acceleration, the rota-
tional motions of the vessel such as yaw and pitch were taken
into account. The roll motion, or its corresponding rotational
acceleration is identical for all tanks.
4. Model tests
Sloshing model tests were performed the No.7 tank for the
LNG-FPSO with the two-row tank arrangement, with its scale
ratio 1:50. Impact pressures are measured on critical tank lo-
cations under irregular 6DOF tank excitations and the
measured pressure time histories at each sensors were pro-
cessed for further statistical analysis. 6DOF motion excitation
imposed on the actuator of the test rig was based on the nu-
merical simulation results carried out for the vessel. The time
series of 6DOF tank motion were generated by taking the
Fig. 9. Motion RAOs of the target vessel.
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which was obtained by frequency domain analysis. In doing
so, the random phase angle was generated assuming that the
motion response is zero mean Gaussian process. Each short-
term sea state condition was investigated at least with two or
four 3-h duration tests in full-scale and some critical short-
term seat states were examined with longer duration tests
such as 30-h or 45-h until the convergence of some statistical
values was achieved. Fig. 12 shows the test rig with 6DOF
motion excitation, where the scaled cargo tank was placed on
top. Impact pressures were measured with maximum 100
pressure sensors with a sampling frequency of 20 kHz. Pres-
sure peaks were extracted out of the measured data by
applying the peak-over-threshold method, which will befurther explained in later stage. The tank was manufactured
using acrylic plates with its wall thickness to be 40 mm, which
is considered to be rigid enough.
Pressure sensors of Integrated Circuit Piezoelectric (ICP)
type produced by Kistler Instrument Corporation were
installed on the wall of the model. The diameter of the pres-
sure sensor is 5.54 mm corresponding to 0.227 m in full scale
so that the area is less than one quarter of a single standard-
size NO96 insulation box in full scale. Any resonance of
sensor with real impact phenomena is not expected because
the natural frequency of pressure sensor is 300 kHz which is
far higher than the expected time characteristics of the impact.
Pressures were measured on critical tank positions and
these depends on the tank filling ratio. Fig. 13 shows an
Fig. 10. Tank natural period and roll motion RAOs of the target vessel.
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side of the tank. The distance between individual sensors is
3.5 mm and the sensors in periphery is located at the distance
of 4 mm from the inner wall. This 9 by 9 sensor arrangement
in a cluster may be mapped on 4 standard-sized NO96 insu-
lation boxes at the corresponding location.
Fig. 14 shows the typical sensor arrangement for different
filling levels, which are 15%H, 60%H, 95%H respectively. In
this study, three representative filling levels, i.e. 15%H, 60%H,
95%H were selected based upon some screening test results,
each of which is considered to represent the filling ranges
5e30%H, 30e70%H and 70e98%H. In case of the two-row
rank arrangement, the maximum sloshing impact pressure
occurred at the filling level of 15%H.
To obtain the statistically converged impact pressure at a
given probability level from long-term perspective, long dura-
tion tests are generally required for the most of test conditions.
For this, all short-terms sea states given in the corresponding
wave scatter diagram should be tested with relatively long
duration. Due to the limitation in time and budget, not to speak
of the feasibility, a grouping scheme was applied to accelerate
the experimental campaign (see Fig. 15). It should be kept inmind that the selection of a single representative sea state out of
a group has to be made with great care. Screening tests may be
helpful to find some important sea states whose contribution to
the long-term probability distribution is dominant.
The conditions in the test matrices for the 15% filling level
shown in Table 8 have been examined. And test duration for
each condition is minimum 6 h and maximum 39 h to get
reasonable fitting curve for statistical analysis.
Measured pressure time histories are filtered using 2nd
order Butterworth low-pass filter, which is a high-pass filter
with cut-off frequency of 5 Hz. The threshold is set to 20 mbar.
To detect local pressure peaks, triggers at 50msec before
threshold up-crossing point and the constant time window
(400 ms) between two neighboring peaks are used. The defi-
nitions of pressure peak, rise-time and duration time are shown
in Fig. 16. The rise time and duration time are determined
from the threshold and 30% magnitude of local peak pressure.
5. Long-term prediction
The long term approach considers all short-term sea states
that the LNG-FPSO may encounter during her whole lifetime.
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Fig. 11. Long-term extreme value of motion and acceleration of each tank (225 heading angle).
Fig. 12. Sloshing model test rig at PNU.
Fig. 13. Sensor arrangement for the corner region of tank ceiling.
546 M.C. Ryu et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 537e553This approach can be applied by determining Exceedance
Probability Functions (EPFs) obtained for each sea state,
vessel heading and cargo filling ratio. These EPFs are then
combined to generate the long-term exceedance probabilityfunction by taking into account the occurrence frequency of
each sea state, vessel heading and filling level. So, the long-
term probability of exceedance can be calculated using the
Eq. (2).
QLTðxÞ ¼
Xl;m;n
i;j;k¼1
QSTðxÞ  prob

fillingi; headingj; sea statesk

wijk
ð2Þ
where QLTðxÞ and QSTðxÞ are the exceedance probability
function of sloshing impact peak pressure values for long- and
Fig. 14. Sensor arrangement for FLNG.
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relative number of impacts in condition of i, j and k. Fig. 17
shows a typical example of the probability of exceedance ofimpact pressure for beam and head waves with its Hs ¼ 7 m,
Tz ¼ 7.5sec. Different curves means two different filling level
with two trial for 15% for beam waves.
Fig. 15. Sea state grouping for 15%H filling.
Table 8
Test conditions of 15%H fillings for LNG-FPSO.
Hs(m) Tz (sec) Heading (deg) Hs(m) Tz (sec) Heading (deg)
2 5.5 195 2 9.5 195
2 5.5 255 2 9.5 255
4 5.5 195 4 9.5 195
4 5.5 225 4 9.5 225
4 5.5 255 4 9.5 255
2 7.5 195 7 9.5 195
2 7.5 255 7 9.5 225
4 7.5 195 4 11.5 195
4 7.5 225 4 11.5 225
4 7.5 255 4 11.5 255
7 7.5 195 7 11.5 195
7 7.5 225 7 11.5 225
4 8.5 195 4 13.5 195
4 8.5 225 4 13.5 225
4 8.5 255 4 13.5 255
7 8.5 195 7 13.5 195
7 8.5 225 7 13.5 225
Table 9
Normalized long-term sloshing load for each loaded area.
Ships Area ‘A’ Area ‘S’ Area ‘T’ Area ‘W’ Area ‘X’
Reference Vessel 1 1 1 1 1
LNG-FPSO 1000 yrs 1.105 1.213 1.345 1.031 1.507
LNG-FPSO 10,000 yrs 1.461 1.594 1.752 1.344 1.951
Fig. 16. Definition of pressure peak, rise time and duration Time.
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cover plate, which is covered by thin metal sheet. The trav-
eling pressure acting on the top surface of the cover plate is
transferred to the different internal structural members so that
the structural failure may be induced once the load is largeenough. Because the traveling nature of the impact pressure
through the sensor array is too difficult to consider for the
strength assessment, the concept of loaded area is usually
applied. The loaded areas can be categorized as shown in
Fig. 18, and total 12 different area combinations are selected
for the design pressure evaluation, with five category such as
A, S, T, W and X. The measured sloshing pressures were
averaged over the area and processed accordingly, so that the
long-term design sloshing load depends on the loaded area.
The predicted long-term sloshing loads for LNG-FPSO
should be scaled to full-scale values with proper back-
ground. One of the difficult parts in scaling up the determined
Fig. 17. A typical example of the probability of exceedance.
Fig. 18. Loaded areas for strength assessment of NO96 insulation box.
549M.C. Ryu et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 537e553long-term pressure to the full scale one is the use of different
materials in the model test, i.e., water and air not LNG and
NG. Kuo et al. (2009) proposed interaction index to account
for this deviation between the model test and real situation.
Some efforts have also been made by replacing air with heavy
gas (SF6þN2) to match the density ratio as close as possible
like actual LNG and NG. However, there still is no unique and
appropriate scaling law due to lack of knowledge about actual
flow phenomena in LNG tanks and measurement records ofpressures acting on the actual LNG tanks. In order to minimize
the uncertainties related to the scaling method, so called
comparative approach was applied in this study. Fig. 19 shows
the concept of the comparative approach and the scaling factor
of loads can be defined using this safety assessment results for
the reference LNG carriers. To derive the scale factor, the
structural capacity, given in terms of sloshing load, of the
insulation box should be determined with respect to the loaded
area and failure mode for the reference vessel. Then the
Fig. 19. Derivation of scale factor from the reference vessel.
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compare with the capacity. Usually the Froude scaled load
exceeds the capacity of the insulation box meaning that the
Froude scale overestimates the full load, which violates the
fact that the reference vessel is structurally safe. Therefore,
additional scale factor is introduced to move down the Froude-
scaled full scale load below the capacity of the insulation box
for all failure modes and loaded area. This scale factor
together with Froude scale is used for scaling up the load of
target vessel. According to the evaluated results, the lowest
capacity comes from the area “A” of the crushing mode, as
shown in Fig. 19. So, the scaling factor is obtained at this
condition and it is to be used to scale the long-term sloshing
loads of LNG-FPSO. The validity of this comparative concept
may be argued because the impact mechanism of full and
partial filling condition is not identical. However, this
comparative approach is believed to be valuable because no
past track record under partial filling condition is available.
The fitted long-term exceedance probability distributions
for FLNG sloshing load for each loaded area are shown in
Fig. 20, with its sloshing load normalized with the reference
long-term loads. Two different annual probability level 103
and 104 were considered in this study, each of which corre-
sponds to that of the failure of primary and secondary box
respectively (Ryu et al., 2009b). In case of the area ‘A’, the
derived long-term sloshing load for the target vessel turned out
to be about 10% larger than that of reference vessel. The
probability distributions of three representative filling ratios
were also plotted together with combined one. According to
the results for considered filling levels, it was found that the
lower filling range (noted with “LNG-FPSO LOW Filling”,
15%H filling in this case) gives dominant contribution to the
overall long-term probability distribution (noted with “LNG-
FPSO All filling”). When the low filling condition occupies
the entire life time of target vessel, the design sloshing loadincrease to about 145% of the reference vessel in case of the
area ‘A’ (see Table 9).
In order to assess the structural safety of the insulation box of
the target vessel, the dynamic effect should be taken into account.
To achieve this, each measured impact event was idealized with
triangular shape with given rise and decay time following the
procedure of Det Norske Veritas (2014). Then additional statis-
tical analysis was carried out for the rise time and long-term
value was derived. Fig. 21 shows some schematical procedure.
To investigate spread of pressure rise times and the influence of
the density ratio on them, the results are presented through their
Probability Density Functions (PDF). Firstly, the spread of rise
times is to be investigated especially in higher pressure values
because higher pressures may give dominant effect on the
structure. Secondly, results are given for the tests with a mixture
of gases presented byMaillard and Brosset (2009). A PDF of the
rise times for three density ratios (0.0006, 0.0012 and 0.0036)
between ullage gas and liquid in amodel tank. According to their
test results, the most probable rise time becomes longer (of
around 0.1 ms) with increased density ratios. They concluded
with a higher density ratio that the liquid momentum is more
reduced during an impact, as it gives a higher share to the gas. So,
the impact velocity is thus slowed down and then leading to
reduced pressures and higher rise times.
Considering the spread of rise times in model tests, different
values of dynamic capacities could be selected from different
rise times especially for smaller areas “A” and “S”. However,
general tendency is higher pressures give lower rise times and
the estimated long-term pressure is higher than the measured
maximum pressure. So, it could be thought that rise time for the
long-term load should go to be lower. Lower rise times give
higher dynamic capacities especially for bucking modes. For
conservativeness, the effect of different rise times on the safety
assessment results was evaluated. According to the results,
about 0.5msec (even up to 1.0 msec) spread gives almost the
Fig. 20. Fitted long-term exceedance probability distributions for each exposed area.
Fig. 21. Concept of calculating rise time for long-term assessment.
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Table 10
Estimated rise time for each loaded area (in full scale dimension).
ID A S T W X
Area [m2] 0.133 0.400 0.533 0.800 1.200
Rise time [msec] 1.049 1.535 2.338 3.538 3.903
552 M.C. Ryu et al. / International Journal of Naval Architecture and Ocean Engineering 8 (2016) 537e553same capacities of bending, crushing and shear modes. So, it
might be concluded that evaluated rise times could be applied
for the safety assessment with the long-term loads regardless of
the density ratio if they are consistently applied. Table 10
summarizes the estimated rise time for each load area.
6. Conclusions
A LNG-FPSO with the two-row tank arrangement is
investigated using sloshing model test results to figure out the
long-term sloshing design impact load. According to the
assessment results, the following conclusions were derived.
▪ Based on the long-term vessel motion analysis, the tank No.7
was considered to be the most critical one out of 8 tanks of
230 K LNG-FPSO with two row tank arrangement. The de-
cision was based upon long-term acceleration value in each
motion direction and this particular tank was selected for the
sloshing model test with the scale ratio of 1:50.
▪ The heading profile of the target vessel was determined
based upon the static heading analysis carried out under the
environmental condition of northwest Australian sea. It
turned out that the vessel is expected to be exposed to head
waves predominantly provided that the significant wave
height is larger than 4 m. For lower seas, especially for
those sea states of below 2 m, relative heading between the
vessel and wind wave tends to become large, but the
probability of beam was barely present.
▪ Sloshing model test has been carried out for the vessel and
the probability distribution of peak pressures were derived
for the tested short-term sea states. The tank was excited
with the motion time histories which was numerically
determined using frequency domain ship motion analysis
program and sloshing peak pressures were extracted using
peak-over-threshold method.
▪ In order to overcome the difficulties related to the pressure
traveling during the impact, so called loaded area conceptwas
applied for the design load prediction. 5 different loaded areas
were defined using different combinations of cells on NO96
insulation box, and the sloshing impact pressures were aver-
aged over the cells for design load prediction.
▪ Comparative approach concept was applied for the estima-
tion of scale factor, through which the measured sloshing
impact pressure may be scaled up to the full scale one. For
this, the reference vessel was fully analyzed both in terms of
the box capacity and sloshing load.
▪ The predicted long-term sloshing impact pressure turned out
to be larger than that of reference vessel and this may be
attributed to the partial filling condition, in which case the
liquid motion inside cargo tank becomes more violent.Moreover, separate statistical analysis was performed for
the determination of rise time, so that the dynamic effect of
the sloshing design load may be taken into account in
subsequent strength assessment stage.
With this test results and data, safety of NO96 membrane
cargo tank for other designs under different environmental
conditions may be easily checked if their design and envi-
ronmental conditions are included in the test condition. And
the current procedure may be changed with better knowledge
based on measured full-scale sloshing pressures, more so-
phisticated theoretical understanding of phenomena, and pre-
cise model test techniques.
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